rFIA is an R package designed to simplify the estimation of forest attributes using the United States Department of Agriculture Forest Service Forest Inventory and Analysis (FIA) Database. Specifically, rFIA improves accessibility to the spatio-temporal estimation capacity of the FIA Database via space-time indexed summaries of forest variables within user-defined population boundaries. Direct integration with other popular R packages (e.g., dplyr, sf, and parallel) facilitates efficient space-time query and data summary, and supports common data representations and application programming interface (API). The package implements design-based estimation procedures used by the FIA Program, and has been validated against official estimates and sampling errors produced by the FIA Program. We demonstrate the utility of rFIA by assessing changes in abundance and mortality rates of ash populations in the Lower Peninsula of Michigan following the establishment of emerald ash borer.
Introduction
Forest Inventory and Analysis (FIA) is a United States Department of Agriculture Forest Service program with the goal of monitoring and projecting changes in forests across the United States (US). The program collects, publishes, and analyzes data describing the extent, condition, volume, growth, and use of trees from all land ownerships in the nation, with some records dating back to the early 1930s (Tinkham et al., 2018; Smith, 2002) . In 1999, the FIA program established a systematic grid of permanent ground plots that are evenly divided into panels measured in a continuous cycle, allowing spatially unbiased estimates of forest attributes to be computed on an annual basis (Gillespie, 1999; Smith, 2002) . The flexibility inherent to the FIA inventory system creates unprecedented opportunities to assess forest change across space, through time, and within unique populations of interest (Tinkham et al., 2018; Gray et al., 2012) .
The research significance of the FIA program has increased in recent decades, with primary applications in carbon cycling, forest growth, forest health, and remote sensing (Tinkham et al., 2018) . The FIA program hosts one of the largest ecological datasets in the world by spatial and temporal extent (Tinkham et al., 2018) , including records from over 5.8 million trees measured at least twice and encompassing a range of ecological diversity unmatched by any other large-scale national forest inventory system (Tomppo et al., 2010) . The breadth of attributes currently measured by the FIA program, ranging from forest composition and structure to soil chemistry and invasive species abundance, makes it a vast and powerful resource for monitoring the status and trends in forest attributes from the scale of individual trees to subcontinents (Tinkham et al., 2018) .
The primary limitation for individuals using FIA data in their own analyses is the complexity of data coding, database structure, and Structured Query Language used by the FIA program (Tinkham et al., 2018; Kromroy et al., 2008) . FIA data are publicly available in several formats (e.g., FIA DataMart) and estimation is facilitated through online tools (e.g., EVALIDator) (USDA Forest Service, 2019). That said, FIA data may be difficult for non-FIA users to interpret and understand (Tinkham et al., 2018) and there is potential to increase the use of these incredibly rich data among industry professionals, academic scientists, and the general public. To promote use of this valuable public resource and extend the reach of the FIA program and the publicly available data, there is a need for a flexible, user-friendly tool that simplifies the process of working with FIA data for experts and novices alike. To this end, we developed rFIA, an add-on package for R (R Core Team, 2018a).
rFIA implements FIA's design-based estimation procedures (Bechtold et al., 2005) for over 50 forest attributes using a simple, yet powerful API design. rFIA greatly improves accessibility to the spatio-temporal estimation capacity inherent to the FIA program by allowing space-time indexed summaries of forest attributes to be produced within user-defined population boundaries. Our intention in developing rFIA is to provide a flexible, user-friendly software that allows all R users to unlock the value of the FIA program.
Methods

Software design
We designed rFIA to support common data representations and an intuitive API by directly integrating other popular R packages into our development. We achieve efficient joins, query, and summary of data with the dplyr package (Wickham et al., 2015) . Specifically, we leverage dplyr for joining and filtering FIA tables, facilitating hierarchical grouping of summary attributes, and implementing non-standard evaluation in rFIA core functions. We achieve efficient space-time query and summary within user-defined population boundaries (i.e., spatial polygons) with the sf package (Pebesma, 2018) . Parallel processing is implemented with the parallel package (R Core Team, 2018b). Parallel implementation is achieved using a snow type cluster (Tierney et al., 2018) on any Windows OS, and with multi-core forking (R Core Team, 2018b) on any Unix OS (Linux, Mac).
Software Availability
Sampling and estimation procedures
The design-based estimation procedures used by the FIA program and implemented by rFIA have been widely described in the literature (Bechtold et al., 2005; McRoberts et al., 2005a; Hoffman et al., 2014) , and hence will only be briefly described here. All estimators for population totals, ratios, and associated variances are derived from the Horvitz-Thompson estimator and hence incorporate design information via inverse-probability weighting (Horvitz & Thompson, 1952) . Bechtold et al. (2005) describes in detail the theoretical basis for estimators used by the FIA program and implemented by rFIA.
The FIA program conducts forest inventories using a multi-phased sampling procedure designed to reduce variance through stratification (Bechtold et al., 2005; McRoberts et al., 2005a) . In the pre-field phase, remotely sensed imagery are used to stratify land area by determining dominant land use in each pixel within the population of interest. In the core phase, permanent ground plots are systematically distributed across the US at a rate of approximately 1 plot per 6000 acres (sampling intensity reduced in Alaska and some US territories). Each plot is assigned to a single stratum based on the the pre-field stratification of the plot center. If any portion of a plot is determined to contain a forest land use from pre-field stratification, a field crew will visit the site and measure core FIA variables (Bechtold et al., 2005) . In the intensive phase, additional forest and ecosystem health variables are measured on 5-15% of established core plots (approximately 1 plot per 96,000 acres).
FIA permanent ground plots consist of clusters of four subplots (Figure 1) , where tree attributes are measured for all stems 5.0 inches diameter at breast height (DBH) and larger. Within each subplot, a microplot is established where tree attributes are measured for saplings (1.0-4.9 inches DBH). Each subplot is surrounded by a macroplot, on which rare events such as large trees are optionally measured. In addition to tree attributes, data are collected that describe the area where trees are located on each subplot and macroplot. If area attributes (e.g., ownership group, forest type, stocking) vary substantially across a plot, the land area within the plot is divided into distinct domains referred to as condition classes so that tree data can be properly associated with area classifications (Figure 1 ).
Plot-level estimates of forest attributes (e.g., tree biomass, forested area) are obtained by summing observations or estimates of the attribute, which are within the population of interest (e.g., live trees, private land), across the plot. Observations are multiplied by 1 if the attribute is within the population of interest, and 0 otherwise. Thus if all observations on a plot fall outside the population of interest, observations will sum to 0 for the plot. For ratio estimates (e.g., tree biomass per unit area), it is possible to specify different populations of interest for the numerator and denominator attributes.
The FIA program uses an annual panel system to estimate both current inventory and change, and employs stratified estimation techniques to compute estimates of most forest attributes (McRoberts & Miles, 2016) . Individual pan- (Bechtold et al., 2005) . In the current version of rFIA, panels are combined using the 'temporally-indifferent' method as described by Bechtold et al. (2005) , essentially pooling all panels within an inventory cycle into a large periodic inventory.
Software testing
We have conducted extensive validation for all estimated attributes for small and large areas against EVALIDator (USDA Forest Service, 2019). Here we present an abbreviated version of a validation for the state of Connecticut in the year 2018 (Table 1) . Current status estimates were produced for live trees with DBH ≥ 1.0 inch and annual change estimates were produced for all stems with DBH ≥ 5.0 inches. Down woody material estimates were produced for the 1000 hour fuel class (coarse woody debris). All current status estimates and associated sampling errors produced by rFIA match those produced by EVAL-IDator, although annual change estimates differ slightly (± 0.2%). Differences in annual change estimates arise due to slight variations in total land area estimates produced by the two programs. A detailed description of the validation described in Table 1 , including code used to produce estimates using rFIA, can be found in Appendix A. rFIA is capable of estimating more forest attributes from FIA data than any other publicly available tool and offers unmatched flexibility in defining unique populations of interest and producing space-time indexed summaries of forest attributes. Users can install the released version of rFIA from CRAN (v0.1.0, 28 October 2019), or alternatively install the development version from Github (https://github.com/hunter-stanke/rFIA) using devtools (Wickham et al., 2019) . Table 2 depicts a list of core functions available in rFIA. A schematic diagram for using rFIA to produce population estimates of forest attributes can be found in Figure 2 .
Loading FIA data
Users can automatically download state subsets of the FIA database (USDA Forest Service, 2019), load these data into R, and optionally save on disk using getFIA. Simply specify the state abbreviation code for the state(s) of interest as a character vector in the states argument of getFIA (e.g., states = "CT" for Connecticut). Alternatively, getFIA can be used to download, load, and optionally save select table(s) contained in the FIA database by specifying the tables of interest in the tables argument (e.g., tables = c('TREE', 'PLOT') for the TREE and PLOT tables). All FIA data are downloaded from the FIA DataMart (USDA Forest Service, 2019) and saved as comma-delimited text files in a local directory.
If FIA data are already saved on disk as comma-delimited text files, readFIA can be used to load these data into R. readFIA requires that FIA data files maintain original FIA naming conventions (as downloaded from the FIA DataMart) for referential integrity. All FIA data files should be stored in a single directory with no sub-directories for proper loading with readFIA. We recommend using getFIA to download and save new FIA data and readFIA to reload these data in future R sessions. All data loaded with getFIA or readFIA is stored as a modified list object called a FIA.Database. All common list operations are valid for the FIA.Database object class, and individual FIA tables can be accessed using the $ operator.
Spatial and temporal subsets
Spatial and/or temporal subsets of a FIA.Database may be implemented with clipFIA if users are interested in producing estimates for select areal regions and/or time periods contained within the spatial-temporal extent of the FIA.Database. Such subsets are not required to use rFIA estimator functions (listed in Table 3 ) to produce estimates of forest attributes. However, limiting the spatial and temporal extent of the query region will conserve memory and decrease processing time. Users may subset a FIA.Database to the boundaries of a spatial polygon object by specifying the name of the spatial object in the mask argument of clipFIA. All spatial polygon classes from the sp and sf packages are supported. To obtain the most recent subset of a FIA.Database by reporting year, specify mostRecent = TRUE in clipFIA (TRUE by default). If a FIA.Database contains multiple states with different reporting schedules, setting mostRecent = TRUE will return the data necessary to produce estimates for the most recent reporting year in each state. Alternatively, users may specify matchEval = TRUE to obtain a subset of data associated with reporting years which are common among all states in the FIA.Database.
Estimating forest attributes
rFIA includes a range of estimator functions designed to produce population and plot-level estimates directly from FIA.Database objects. All estimator functions share a similar API, although minor nuances exist between functions due to variation in the forms of estimates they invoke (Table 3 ). We will demonstrate the functionality of rFIA estimator functions using biomass, a function designed to estimate volume, biomass, and carbon of standing trees.
To produce population estimates and associated sampling errors for the region contained within the spatial extent of a FIA.Database, specify the name of the FIA.Database as the db argument of any rFIA estimator function. All rFIA estimator functions return population estimates for each reporting year in the FIA.Database by default. To return estimates at the plot-level, specify byPlot = TRUE. In this case, estimates will be returned for each occasion that an individual plot was measured. If more than one grouping variable is provided to grpBy, grouping will occur hierarchically based on the order variable names are listed. In addition to grpBy, some rFIA estimator functions include bySpecies and bySizeClass arguments for convenience. Set either of these arguments as TRUE to produced estimates grouped by species and/or 2.0 inch DBH classes, respectively. Alternatively, users may specify grpBy = SPCD to group estiamtes by species and use the makeClasses function to define their own diameter classes. More information on variable definitions in the FIA Database can be found in the FIA Database Description and User Guide for Phase 2 (Burrill et al., 2018) .
##
Unique populations of interest
In many cases, the population of interest is a subset of that represented by the full FIA.Database. For example, we may be interested in producing estimates for live stems greater than 12.0 inches DBH on state-owned land. Within biomass (and most other estimator functions), we can use the treeDomain and areaDomain arguments to describe our population of interest in terms of variables contained in the PLOT, COND, and TREE tables of a FIA.Database: Here treeDomain describes the population of interest for the numerator (tree biomass) and areaDomain the population of interest for the denominator (forest land area). In each case, the argument takes the form of a logical predicate that is defined in terms of the variables in PLOT, TREE, and/or COND tables of the FIA.Database. Multiple conditions can be combined within either argument using & or | symbols (and/or, respectively).
Grouping by user-defined areal units
To produce estimates grouped by unique areal units, specify the name of a spatial polygon object (class sp or sf) defining the areal units of interest as the polys argument of any rFIA estimator function. All FIA data are automatically re-projected to match the projection of the input spatial polygon object prior to initiating estimation procedures. All fields originally contained in the input spatial polygon object will be preserved in the estimates output by the estimator function. To return estimates as an sf spatial polygon object, specify returnSpatial = TRUE.
Parallelization
Parallel processing is available in all rFIA estimator function using the nCores argument. nCores indicates the number of physical cores to be used and may be set to any positive integer up to the number of physical cores available on a given machine. Serial processing is implemented by default (nCores = 1). Parallelization may substantially reduce memory during processing. Thus, users should consider implementing serial processing if computational resources are limited.
Case study -Michigan ash decline
We demonstrate the utility of rFIA for forest resource monitoring by assessing the decline of ash (Fraxinus spp.) populations across the Lower Peninsula of Michigan following the establishment of emerald ash borer (Agrilus planipennis Fairmaire). Emerald ash borer is an invasive forest insect that was first discovered in southeastern Michigan in 2002. The insect spread quickly across the state and is considered the most destructive and costly forest insect to invade the United States (Poland & McCullough, 2006; Aukema et al., 2011) . Using rFIA, we estimated annual changes in live ash trees per acre (TPA) and tree mortality rates (mortality TPA per year) by county during the interval 2006-2018. All estimates were produced for white ash (Fraxinus americana L.), green ash (Fraxinus pennsylvanica Marshall ), and black ash (Fraxinus nigra Marshall ) trees ≥ 5 inches DBH.
## White, black, green ash SPCD codes ash <-c(541, 543, 544) ## Ash TPA and mortality by county tpa_ash <-tpa(mi, polys = counties, treeDomain = SPCD %in% ash & DIA > 5) gm_ash <-growMort(mi, polys = counties, treeDomain = SPCD %in% ash & DIA > 5)
A rapid decline of ash populations across Michigan's Lower Peninsula is evident from our analysis. On average, ash abundance decreased by 667% (± 155%) and annual mortality increased by 80% (± 9%) across counties from 2006 to 2018. Elevated mortality rates and population decline are apparent in the southeastern portion of the state soon after the establishment of emerald ash borer in the region (Figure 3, 2006 and 2010) . In years following, ash population decline and elevated mortality became evident across the Lower Peninsula, likely associated with the rapid expansion of emerald ash borer across the state (Figure 3, 2014 and 2018) . Sampling error is directly related to the number of non-zero observations (i.e., FIA ground plots) used to compute estimates of each variable, and cannot be determined if less than two non-zero observations are available. Ash mortality appeared to be a relatively rare event prior to the expansion of emerald ash borer across Michigan, as many counties recorded fewer than two observations of ash mortality per sampling period (gray shaded counties in bottom left of Figure 3 ). The increased frequency of ash mortality observations across Michigan counties, and associated reduction in sampling error, provides support for the trend of increased mortality rates that is evident following the establishment of emerald ash borer across the state.
Limitations/extensions
rFIA requires all input data to be held in memory, and hence may pose memory management challenges when computational resources (i.e., RAM) are limited. Memory constraints may inhibit some users from loading or processing large subsets of FIA data, and high memory usage may result in decreased computational efficiency. Future development seeks to leverage dplyr (Wickham et al., 2015) back ends for external database engines such as SQLite and Apache Spark, thus reducing memory limitations and potentially offering substantial improvements in computational efficiency for large data.
Only the temporally-indifferent method for annual panel combination (Bechtold et al., 2005) is implemented in the current version of rFIA. While widely used by the FIA Program, the temporally-indifferent method is likely to obscure change in forest attributes due to temporal smoothing and lag-bias (Bechtold et al., 2005) . Future development of rFIA will focus on implementing alternative methods for panel combination, such as moving averages, mixed estimators, and time-series models. We expect these alternative methods will improve the change-detection capacity of rFIA and the FIA Program.
Exact coordinates of FIA ground plots are not available in the public version of the FIA Database to protect privacy rights of private land owners and preserve the ecological integrity of ground plots (Tinkham et al., 2018; McRoberts et al., 2005a) . Plot locations are randomly displaced up to 1 km from their true locations (i.e., 'fuzzed') and the coordinates of up to 20% of plots on private land in each county are exchanged (i.e., 'swapped') (Bechtold et al., 2005; Tinkham et al., 2018) . The effects of using 'fuzzed and swapped' plot coordinates are thought to be negligible for design-based estimation across large regions (800,000 acres and larger) (McRoberts et al., 2005b) , however uncertainty in true plot locations may produce results within unknown amounts of error when used in conjunction with other spatially explicit data layers for model-based estimation (Sabor et al., 2007) . Hence, we encourage rFIA users to consider this uncertainty when using design-based estimation for small populations, and when producing plot-level estimates to be used with spatially explicit auxiliary data in a modelbased or model-assisted estimation framework.
Conclusion
The FIA database is among the most valuable ecological datasets in the world, though its complexity limits access for many potential users. We developed rFIA to simplify the estimation of forest attributes using FIA data, intending to provide a flexible, yet powerful toolset which is accessible to all R users. Ultimately, we hope that rFIA will improve the accessibility and relevance of the FIA database and promote use of FIA data among a larger, more diverse audience. We encourage users to apply rFIA widely and report any issues and/or desired extensions on our active issues page (https://github.com/hunterstanke/rFIA/issues). This appendix is intended to serve as further reference to section 2.3, Software Testing. We have conducted extensive validation of rFIA for all available attributes against EVALIDator. Here we present the code used to produce an abbreviated version of a validation for the state of Connecticut in the year 2018 (Table 1, forest land • Evaluation: 092018N CONNECTICUT 2012; 2013; 2014; 2015; 2016; 2017 
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